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VALIDATION OF CONTACT WIRE SIMULATIONS ON THE BASIS OF 
SCALED DOWN CONTACT WIRE CUTTING EXPERIMENTS 
SUMMARY 
In this study, the dynamic characteristics of a catenary that supplies electrical energy 
to high-speed railways composed of repeating spans is investigated. The catenary is a 
slender structure which is composed of repeating spans. In railways, each span of the 
catenary system is composed of contact and catenary wires connected by the 
droppers in regular intervals [6]. In the test stand and in the simulations, as the span 
length is considered as 14 m, the contact wire is composed of 14 body blocks. A 
multibody system model is developed in Matlab SimMechanics environment to 
perform the dynamic behaviour of the catenary and to simulate the contact wire cut 
behaviour. Each component has its own structural parameters. For instance, the 
catenary wire and the droppers have the same spring&damper stiffness and Young’s 
modulus. These values vary from the contact wire parameters. In order to validate the 
datas generated from the simulations, a contact wire test stand has been constructed 
where cutting experiments can be run by the releasement of the pretensioned contact 
wire. Consequently, the force distribution during the contact wire cut is observed and 
these values are compared with the simulation results. For the comparisons, much 
attention is given to the period after the contact wire cut  
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ĐLETKEN TEL KOPMA DENEYLERĐNĐN SĐMULASYONLA 
KARŞILAŞTIRILARAK ĐYĐLEŞTĐRĐLMESĐ 
ÖZET 
Bu çalışmada, yüksek hızlı trenlere elektrik enerjisi sağlayan enerji kablolarının 
dinamik karakteristiği incelenmiştir. Tren enerji hatları tekrar eden açıklıklardan 
oluşan oldukça uzun bir yapıdır. Demiryollarında, her enerji hat açıklığı askılarla 
birbirine bağlanan iletken tel ve taşıyıcıdan oluşur [6]. Test düzeneginde ve 
simulasyonlarda, hat açıklığı 14m olduğundan, iletken tel yerine 14 blok elemanı 
kullanılmıştır.Bu çalışmada, sistemin çoklu cisim modeli (MBS), Matlab 
SimMechanics ortamında oluşturulmuştur. Elde edilen modeller, simulasyonlar için 
kullanılmıştır. Böylece, enerji kablolarının dinamik davranışı ve iletken telin kesilme 
anındaki dinamik davranışı incelenmiştir. Enerji hattını oluşturan iletken tel, taşıyıcı 
ve askıların her biri, kendine özgü yapısal parametrelere sahiptir. Örneğin, taşıyıcı ve 
askılar aynı sönüm ve yay katsayısına, ayrıca da aynı elastite modülüne sahiptir. 
Ancak, bu değerler iletken telin parametrelerinden farklıdır. Simulasyondan elde 
edilen değerleri gerçeklemek için belli bir ölçekle küçültülmüş bir test düzeneği 
kurulmuştur. Bu düzenekte, iletken tel kesilme deneyi, ön gerilmeye maruz iletkenin 
bir uçtan, belli bir süre sonra, serbest bırakılmasıyla gerçeklenmiştir. Sonuç olarak, 
kesilme esnasında, strain-gage yardımıyla ölçülen gerilme kuvveti değerleri 
simulasyon sonucuyla kıyaslanmıştır. Sistemin çoklu cisim modeli (MBS) bu 
doğrultuda iyileştirilmiştir. 
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1 INTRODUCTION 
The reaching of higher velocities in railways has become a crucial target and the 
interest in high speed trains has risen in recent years due to their convenience, 
speed and safety [2]. The electrical power required for the train traction is supplied 
by the catenary and the pantograph. 
However, at high speeds one of the main problems for electric railways is the 
maintenance of smooth, continuous current transmission. This task is achieved by 
a pantograph mounted on the locomotive’s roof which is in contact with the 
contact wire. Unfortunately, as operational train speed increase, vibration of the 
pantograph and overhead wire also increases. This may cause a zero contact force 
between the pantograph and overhead wire which leadingly causes a loss of 
contact, arching and wear. It is important to avoid high wear rates of the collector 
strips of the pantograph and the contact wire of the overhead line that heavily 
influence the maintenance costs. Recent investigations have focused on dynamical 
behavior by dynamical simulations in order to allow a better interaction of the 
pantograph and the catenary. 
The catenary structure or overhead line is made of a complex distribution of cables 
that provides electric energy supply to the train by means of the contact between 
the pantograph of the vehicle and the catenary itself. Basically, the catenary 
consists of three main components. The contact wire provides the energy supply to 
the train, the catenary wire gives enough stiffness to the catenary system and the 
droppers connect both wires to each other. Despite the existence of interest and 
development of dynamical models to simulate the interaction between catenary 
and pantograph, the dynamic behaviour of the catenary system itself is a new area 
of interest. There are some researches according to the numerical study on the 
dynamic characteristics of the catenary. However, the  Multi-Body System (MBS) 
simulation which is of great importance in the development of railway cables has 
not been accomplished before. 
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At high speed, when a pantograph passes underneath a contact wire, the upward 
force causes a bending stress in the contact wire. If this stress is high and occurs 
frequently, there is a possibility that the contact wire will suffer a fatigue fracture In 
addition, a contact wire is gradually worn down by running contact strips so that the 
mean stress governing its fatigue life increases [14]. The other reason for the fatigue 
of the contact wire is the temperature variation. As the catenary sag with heat and 
shrink with the cold, the tension force should be at a constant level. 
This study focuses on the dynamical behaviour of the catenary structure in the case 
of a contact wire cut in railway systems. This aim is achieved by simulating a contact 
wire cut by developing an accurate multi-body system model of the catenary. The 
purpose of this study is to measure the force distribution due to time in the case of a 
cut on the contact wire by the help of three strain gages and consequently to observe 
and analyze the catenary system dynamic behaviour. 
In the second chapter of this study, the design of a catenary system and the important 
components of the catenary system are explained. The next chapter deals with the 
mechanical calculation of the catenary system. Chapter 4 bases on the multi-body 
system theory. Chapter 5 describes briefly the block set used in the simulation model 
and it provides an overview about SimMechanics which is a toolbox for the 
Matlab/Simulink environment. In chapter 6, the modeling of the catenary multibody 
system is considered and the simulation has been accomplished to examine the 
dynamic behaviour of the catenary system. In order to validate these datas, a scaled 
down contact wire test stand has been constructed where cutting experiments can be 
run by the releasement of the pretensioned contact wire. In chapter 7, the 
experiments about the contact wire cut behaviour are visualized and summarized. 
The experiments are finally compared with the simulation in Chapter 8. 
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2 FUNDAMENTALS 
In this chapter, general information about the railways is expressed. As the purpose 
of this study is to model the overhead contact line system by using the tools in 
Matlab Simulink and Matlab SimMechanics, general idea about the construction of a 
catenary system will be given and some important components of the catenary 
system will be described. Accordingly, the basic requirements of a catenary system 
will be expressed in this chapter. The software program, Matlab SimMechanics is 
selected for the simulation of the catenary system and each block which is used in the 
simulation model will be basically described in this chapter. 
2.1 Railways 
Railway transport is widespread in Europe. Due to higher density schedules, the 
operating costs of the locomotives are more dominant with respect to the 
infrastructure costs, and electric locomotives have much lower operating costs than 
diesel locomotives. 
Today, the railways of Deutsche Bahn are constructed with overhead contact wires in 
majority. In some of the track lines, diesel fuel is still used for economic reasons. 
The railroad engines which operate with coal are almost to be found only in the 
historical railways. 
A high availability of the road energy supply guarantees a big dependability of the 
railroad company. So, the requirements for the railway catenary arrangement are 
especially high and this is particularly related with the railway catenary system. High 
requirements are necessary for the contact lines because they are not only used to 
distribute the electrical power over a long distance but also to provide a sliding 
contact for the pantograph during the working process. 
The system to be constructed must have service reliability and also efficiency. 
During the working process, energy transference shouldn’t be interrupted. For a 
longer service life of the railway catenary system, the mechanic and the electric 
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firmness must be high. The catenary system should also be resistant to the wind and 
ice loads. 
Besides the technical requirements, other aspects should be considered about the 
system construction. These are city planning and aesthetic aspects, and also the 
nature and environmental protection. It is also always a matter of fact to keep the 
installation costs low. 
2.1.1 Mechanical Requirements: 
The basic requirements for a functional contact line installation of the employed 
wires, stranded conductors and other elements should be within the demanded 
strength. The height of the contact wire above the railway changes due to the type of 
the railway and the field of application [4]. 
The mechanical forces which occur by the transfer of the energy must be transmitted 
safely to the ground and the distortion of the components should not influence the 
transmission of the loads from the poles to the ground. 
The catenary wire must fulfill the criteria such as elasticity and uniformity along the 
span and contact wire uplift. The dynamic quality criteria are composed of the wave 
speed propagation, the Doppler factor and the reflection factor. The contact force 
which occurs between overhead contact wire and the pantograph is the most 
important quality criteria in an overhead wire system and it changes due to the 
running speed. 
The construction elements should be resistant to corrosion. 
2.1.2  Electrical Requirements 
The electrical performance of the contact wire is related with the type of current 
voltage and the nominal voltage. In the contact line systems, short circuits occur 
more frequently compared to the normal electricity distributing systems. Thus, the 
short circuit current capacity of the contact line system should be measured. The 
power losses shouldn’t exceed the permissible limits. These disturbances can be 
minimized by dividing the railways into separate feed sections. 
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2.1.3 Enviromental Requirements: 
Contact line systems have to be designed to function in a defined range of ambient 
temperature. 
In the design of the contact lines, the wind velocity and ice loads should also be 
considered. Sunlight and atmospheric precipitation like aggressive vapors, gases and 
dust shouldn’t damage the system. 
2.1.4 Requirements of Operation and Maintenance: 
The costs for the construction and the service life should be minimized and the 
system components should be reliable and maintenance free. In order to minimize the 
wear of the contact wire and the collector strips of the pantograph, high design 
requirements are needed. The electrical separation of the contact lines to the adjacent 
tracks and the usage of separate poles for each track should be considered. 
2.1.5 Pantograph: 
The pantograph consists of a main frame, arm, pantograph head and drive. 
The contact force FK occurs between the pantograph and the overhead contact line. 
The first component of the contact force is the static pressure force. The aerodynamic 
contact force which changes due to the train speed is applied upwards vertically and 
measured with the fixed collector head without touching the overhead contact line. 
 
Figure 2.1 :  Pantograph [5] 
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2.1.6 Contact Line Systems: 
Nowadays either elastic overhead wires or conductor rails are used for energy 
transfer. 
The conductor rails can be placed as a third rail near the track or as an overhead 
conductor rail above the track. More information about the energy transfer systems 
can be obtained from Table 2.1. 
Table 2.1: Contact railway systems for railway traction [5] 
 
The longitudinal contact line equipment is composed of catenary wires, stitch wires 
and droppers. The contact wires have a grooved form as in Figure 2.2 and they are 
made of hard-drawn electrolytic copper and copper alloys. Alloy additives such as 
silver or magnesium increases the mechanical and thermal properties of the wires. 
On the other hand, they increase the wear ratio of the components but it is important 
that the permissible wear limit in Germany is 20%. The geometrical datas of grooved 
contact wires can be obtained from the Figure 2.2 and Table 2.2. 
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-20 %
 
Figure 2.2 : Worn out grooved contact wire cross-section [5]. 
The stranded conductors are attached for suspension and tension purposes. A 
wrought copper alloy (CuMg0.5) is used in Germany mostly as a catenary wire; head 
span and cross span wire, stitch wire and dropper. 
Table 2.2: Datas for grooved contact wire cross-section [5]. 
 
2.1.7 Different Types of Overhead Contact Line Systems : 
Trolley-type contact lines are simple structured systems because they don’t have 
catenary wire. Applications of this kind can be found in systems which have speed 
less than 80 km/h like tramways and trolley-buses. 
High contact line systems have at least one catenary wire and in special cases, two 
catenary wires. This catenary wire is placed above the contact wire and carries the 
weight of the contact wire by the droppers. In a completely compensated catenary 
wire system, the contact wire and catenary wire can be together or separately 
  
 
8 
tensioned. Unlikely, in a compound contact line system, an auxiliary catenary wire 
between the main catenary wire and the contact wire is placed [5]. 
The catenary system can be classified as a catenary system with droppers at the 
supports, catenary system with stitch suspension wires, catenary system with offset 
support droppers, catenary system with elastic droppers and catenary system with an 
extra catenary wire. 
In the horizontal catenary contact lines, the individual suspension wires and contact 
wires can be strongly held. They are used in public transport systems in urban areas. 
The effects of the temperature variation can be decreased with a construction 
adjustment. 
The purpose of using stitch wires is to equalize the elasticity at the supports with the 
elasticity at the mid-span. In Re 200, the registration arm is attached to a dropper 
fixed to the stitch-wire. The different spring effects of the short and long registration 
arms on the supports are considered by the use of 18 m or 14 m long stitch wires 
with four or two droppers, respectively as seen in Figure 2.3. 
 
Figure 2.3 : Re 200 overhead contact line with different stitch wire lengths [5]. 
The contact wire can be aligned in a zigzag arrangement like in Re 250 and Re 330 
and different constructions can be noticed in Re 200 in which the catenary wire is 
aligned with the track center line [5]. This adjustment is constructed in a semi-
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inclined way and the lateral position of the contact wire will be affected with the 
alternating force. For the simulations, the special adjustments will be ignored. 
2.1.8 Longitutudal Catenary Wire  
Longitudinal catenary wire construction principle is shown in Figure 2.4. It is 
composed of individual spans due to the application field. The contact line is 
composed of individual tension sections which are tensioned on both sides. In the 
mid point of the tensioning length, a midpoint anchor is placed to fix the contact line 
equipment and to stabilize the track. 
 
 
Figure 2.4 : Construction of a Longitudinal Catenary Wire [5]. 
The contact line should be selected according to the operating speed and the droppers 
shouldn’t be less than 0,5 m not to decrease the elasticity of the system. The height 
of the overhead contact line determines the construction of the droppers. The contact 
lines in tunnels should fit the tunnel cross-section and should be in minimum height. 
The contact wire sag, the dropper intervals and the possible construction of stitch-
wires should also be determined due to the tunnel cross-section. 
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2.1.9 Tensioning Mechanism 
The tensioning mechanism should keep the length of the contact wire and the 
catenary wire as constant as possible. For this purpose, the wheel tensioner, the 
pulley tensioner, hydraulic or electromechanical tension device can be assembled to 
the catenary system. In the simulations, the tension is achieved by a simplified 
system and the gear ratio is regarded as 1:1. 
 
Figure 2.5 : Tensioning Mechanism [5]. 
The wheel tensioner in Figure 2.5 is composed of a tensioning wheel with two rope 
drums on a common axle and a blocking device. Steel ropes are attached to the small 
split drum and the tensioning is achieved by weights attached to the large drum. In a 
failure such as the cut of the contact wire, the latch-in device will lock and the 
tension weights will not continue to go down. Accordingly, the contact line system 
will not be destroyed. 
2.1.10 Hinged Cantilevers 
Hinged cantilevers carry the contact line system. They are composed of cantilever 
tube, diagonal tube and top anchor as seen in Figure 2.6. 
In the simulations, the hinged cantilevers are ignored in order to simplify the 
catenary system and to decrease the simulation time. The contact wires are fixed to 
the contact wire steady arm which holds the contact wires at a desired height. The 
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hinged cantilever is assembled to the poles as a rotatable element and it carries the 
load of the weights acting on the catenary wire. 
 
Figure 2.6 : Design of a cantilever with a) pull-off or  
b) push of contact wire support.[5] 
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3 THE MECHANICAL CALCULATION OF THE CATENARY SYSTEM 
For the simulation of the catenary wire, the initial state of the system should be 
completely defined. Then, the tension forces on the support points should be defined 
in x and y direction. The effective forces on the catenary system will also be 
determined. The deflection of the catenary wire on the dropper sites will be 
determined and actually, this value gives us the proper length of a dropper. 
3.1  Calculation of the Tension Forces on the Hanging Point of the Catenary 
For every catenary system, the necessary geometry datas like dropper length and 
catenary deflection will be determined by the help of the initial loads. The catenary 
deflection occurs because of the weight-load of the dropper, the contact wire and 
other components like connecting elements and the catenary. 
The effective forces on the catenary near the dropper points have 3 components. 
These forces occur because of the contact wire weight, the catenary dead weight and 
the weight of the components, carried by the catenary such as clamps. 
Assuming that each suspension cable support carries the half weight of the contact 
wire situated between two droppers, the load of a dropper is: 
gpi
iiii
i PP
xx
q
xx
qR ++
−
⋅+
−
⋅=
+−
22
11
     (3-1) 
 
Here, 
iR  . the punctual loads of the droppers [N] 
q  : weight by unit of length of the contact wire [N/m] 
ix  : position of the droppers [m] 
piP  : weight of the dropper [N] 
gP  : fix weight for some components of the dropper [N] 
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Figure 3.1 : The forces on the catenary [2] 
For the calculation of the deflection, moment equations due to Point B are defined. 
Thus, the moment of the load on the droppers and the weight of the cable with 
respect to the left support in the arm is: 
( )∑
=
⋅+−⋅=
n
i
iiPB
LpxLRM
1
2
2
       (3-2) 
PBaxayB
MhTLTM −⋅+⋅==∑ 0        (3-3) 
The cable tension at support A in x and y direction is; 
222
axaya TTT +=  => 
22
axaay TTT −=      (3-4) 
 
The force Tay will be substituted in the formula of moment equations due to Point B, 
 
hTMLTT axPBaxa ⋅−=⋅−
22
       (3-5) 
 
As a result, the square of this equation will be calculated as; 
( ) ( )22
222
22
2 20
hL
LTM
T
hL
Mh
T aPBaxPBax
+
⋅−
+⋅
+
⋅⋅
−=      (3-6) 
The force Tax can be calculated by using pq formula. 
 
( )
( )22
222222
hL
MLhLLTMh
T PB
aPB
ax
+
⋅−+⋅⋅±⋅
=     (3-7) 
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It is possible to determine the value of Tax with two different approaches. As the 
tension force Ta is multiplied by the length ‘L’, it has a greater value than moment 
MPB. Since the tension force is a traction power, it is always positive according to the 
acceptance in the design. The amount of the root is larger than the term standing 
before the root. As the tension force must be also positive in x-direction, the answer 
of the root should be accepted as a plus and the formula is obtained as; 
( )
( )22
222222
hL
MLhLLTMh
T PB
aPB
ax
+
⋅−+⋅⋅+⋅
=     (3-7) 
Practically, there are structural restrictions in height differences of the points of 
hanging points of the catenary system. With existing distances such obstacles can be 
bridges, which do not permit the full catenary system height. 
In the simulation, such exceptions are disregarded and a regular system height of a 
catenary system will be proceeded. The height of h is in this case zero and it is valid 
for simplified equations for the tension forces Tax und Tay. 
L
MLT
T PBaax
222
−
=  and 
L
M
T PBay =     (3-8) and (3.9) 
The tension force on the catenary is; 
NTa 10000=  
In the case of no height difference, Tax can be determined with the following 
formula, 
22
ayaax TTT −=        (3-10) 
3.2 The Deflection of the Catenary 
The deflection of the catenary is computed considering static wire equations. In the 
computation and simulation, the stitch wire is not used. The major task of a stitch 
wire in a catenary system is to provide a better elasticity uniformity of the contact 
wire in y-direction. In simulation, the main function of the droppers is to carry the 
weight of the contact wire. Normally, the dead-weight of the stitch wires is supported 
by the catenary. 
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Figure 3.2 : Moment equilibrium diagram due to point A,  
near the second dropper.[2] 
The diagram shows the force distribution for the second dropper. The diagram, 
which is obtained due to the moment equilibrium around the point C1, brings out the 
following equation: 
0
2
1 2
1111 =⋅⋅+⋅−⋅=∑ pxxTfTMc ayax              (3-11) 
Through the reformulation of the formula in order to obtain the deflection in the first 
case, one can obtain; 




⋅⋅−⋅= pxxT
T
f ay
ax
2
111 2
11
               (3-12) 
This formula can be accomplished further at all contact points, in order to determine 
the deflection of the catenary. Then, this should be repeated for the second and third 
droppers, in order to deduce a generally accepted formula from it. 
The moment equilibrium at point C2 is:  
( ) 0
2
1
121
2
2222 =−+⋅⋅+⋅−⋅=∑ xxRpxxTfTMc ayax             (3.13) 
The deflection on the second point is:  
( )



−−⋅⋅−⋅= 121
2
222 2
11
xxRpxxT
T
f ay
ax
             (3-14) 
The moment equilibrium at point C3 is: 
( ) ( ) 0
2
1
232131
2
3333 =−+−+⋅⋅+⋅−⋅=∑ xxRxxRpxxTfTMc ayax  (3-15) 
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The deflection on the third point is; 
( ) ( )



−+−−⋅⋅−⋅= 232131
2
333 2
11
xxRxxRpxxT
T
f ay
ax
   (3-16) 
From the determined formulas for the catenary deflection at the first, second and 
third point; one can reach the generally accepted formula results shown as below;  
0=∑ iMc , ( )








−⋅−⋅−⋅⋅= ∑
=
n
j
jij
i
iay
ax
i xxR
x
pxT
T
f
1
2
2
1
, ni ...1=  (3-17) 
Here;  
iMc    : Moment on point Ci [Nm] 
if   : The deflection of the catenary on the points “i” [m] 
For the simulation, only the catenary deflection on the dropper points is necessary. 
After the assembly of the catenary to the overhead contact line system, the initial 
deflection will occur in the construction. 
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4 PREVIOUS WORK 
4.1 Multi-Body Systems (MBS) Theory  
4.1.1 Classification of Multi-Body Systems (MBS) 
A multi-body system is used to model the dynamic behavior of mechanical systems 
which are composed of interconnected rigid or flexible bodies. Each component of 
the mechanical system is subjected to rotational and translational displacements.  
A construction model which is under effect of loads and movement can be analyzed 
with a variety of methods in order to be simulated dynamically. One method for the 
simulation of the systems is multi-body system theory which provides the system-
analysis of the kinetic-behavior. For the detailed calculation of the structures, finite 
element method can also be used. 
The Multi-Body Systems (MBS) vary as: 
Continuous systems, which consist of elastic bodies, for which mass and elasticity 
are continuously distributed throughout the body. The action of forces is also 
continuous along the body’s volume and surface. 
Finite Element Systems, whose bodies are assumed to have non zero mass and to be 
elastic with forces and moments acting at discrete points. 
Multi-body Systems, whose bodies are assumed to have nonzero mass and to be rigid 
with forces and moments acting at discrete points. 
Hybrid Multi-body Systems, where both elastic and rigid bodies are used to model a 
mechanical system. 
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Figure 4.1 :  Classification of Multi-Body Systems (MBS) [7] 
If a multi-body system is composed of only rigid bodies, the system is called Rigid 
Multi-Body System (MBS) in which two points of the body stay constant during the 
time. In contrast, elastic Multi-Body System is composed of only elastic bodies in 
which two points move due to the time. A model which is composed of both rigid 
and elastic systems is named as hybrid system. It is possible to build an elastic MBS 
or a hybrid MBS as a rigid MBS dividing it into finite rigid elements and connecting 
them with appropriate moments and forces. This is called as a discrete model. The 
level of the discrete model is determined due to the number of finite element used in 
the model. The mathematic of discrete models is easier to handle compared to the 
elastic model system because of the usual differential equations. 
4.1.2 Elements of MBS 
A mechanical model of a multi-body system will be constructed using joint and 
connecting elements. In larger systems, it is meaningful to create more individual 
bodies in the system. An individual body can be characterized with its mass, position 
of center of gravity and its inertia moment. The joint elements used with the body 
blocks are called as bearing, guidance and joint elements as seen in Figure 4.2. 
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Figure 4.2 :  Joint elements [7] 
The forces between the bodies are transferred over constraints as seen in Figure 4.3. 
Spring-damper and friction elements are the most important constraint elements 
which are used to apply forces between the body blocks. 
 
Figure 4.3 :  Constraint elements and Multi-body systems. [7] 
scF SpringSpring ⋅=                   (4-1) 
Damper DamperF d s= ⋅ ɺ                   (4-2) 
( ) 0für 
0für 
      
≠
=



⋅⋅
⋅
=
s
s
ssignF
F
F
Nstatic
Nstatic
Friction
ɺ
ɺ
ɺµ
µ
               (4-3) 
 
Here; 
SpringF   : Spring force [N] 
Springc  : Spring constant [N/m] 
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DamperF  : Damper force [N] 
Damperd  : Damper constant [Ns/m] 
FrictionF  : Static-friction force[N] 
Staticµ  : Static-friction coefficient 
NF              : The normal force [N] 
4.1.3  Model Building 
The model of a system should always reflect the reality of the considered system. 
The theory of a model construction should be formulized as easy as possible and as 
complex as necessary. For the calculation, a model composed of individual bodies 
with joints and connecting elements is constructed and the analysis of calculation 
results provides the basics for the modification of the model. 
4.1.4  MBS Calculation 
In MBS Calculation, different models with a different number of bodies can be run. 
At first, the problem should be defined clearly and it should be decided if existing 
models or developed systems will be used. Then, an equivalent model of the system 
will be constructed and its behaviour will be carried to a mathematical model. The 
following calculations will provide a result to compare the situation of the problem 
and in the next steps, it is possible to make optimizations in the system. 
4.1.5 Calculations  
The behaviour of the interconnected bodies can be described on the basis of 
Newton’s second law. The equations are written for general motion of the single 
bodies with the addition of constraint conditions. The motion equations are derived 
from the Newton-Euler equations or Lagrange’s equations. The simplest bodies or 
elements of a multibody system were already calculated by Newton (free particle) 
and Euler. The systematical treatment of the dynamic behavior of interconnected 
bodies has led to a large number of important multibody formalisms in the field of 
mechanics Euler already introduced reaction forces between bodies. Later on, a 
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series of formalisms have been derived, only to mention Lagrange’s formalisms 
based on minimal coordinates and a second formulation that introduces constraints. 
The Dormand–Prince method which is also used in SimMechanics calculations is 
appropriate for solving higher order differential equations (Dormand & Prince 1980) 
[13]. The method is a member of the Runge–Kutta family of ODE solvers. For 
numerical analysis, the Runge–Kutta methods are an important family of implicit and 
explicit iterative methods for the approximation of solutions of ordinary differential 
equations. 
In multi-body simulation programs the mechanic model that is built will be 
automatically transferred to a mathematical model and will be solved numerically. 
The mathematical model is composed of motion equations of the model which are 
based on either Lagrange Equations (analytic methods) or Euler-Jordan`s principles. 
In both methods, the individual velocity and acceleration will be expressed relative to 
the coordinates, which are adapted to the problem. For the second order Lagrange 
Equations, the kinetic and potential energy of the overall system and the effective 
forces and moments on the system must be computed. 
 
The Motion Equation is: 
i
i i i
d T T V Q
dt q q q
∗
 ∂ ∂ ∂
− + = ∂ ∂ ∂ ɺ
       (4-4) 
 
T 
  : Sum of the kinetic energy of the system [Nm] 
V : Sum of the potential energy of the system [Nm] 
iq  : Generalized coordinates 
∗
iQ  : Generalized forces [N] 
 
For the method of Newton-Euler-Jourdain, each body Impulses (Newton) and 
angular momentum (Euler) are compiled. The reaction forces between the bodies are 
neglected due to the principals of Jourdain and the multiplications are completed 
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according to the Jacobien Matrices so that the movements in the direction of the 
reaction forces are not limited. This can be summarized with the following equation. 
( ) ( )[ ] 0
1
=−⋅+−⋅∑
=
n
i
e
ii
T
Ri
e
ii
T
Ti MLJFpJ ɺɺ       (4-5) 
 
TiJ / RiJ : Jacobi-Matric Translation (Rotation) 
ipɺ
 : Body Impulse  
e
iF
 : External Forces out of the body i 
iLɺ
 : Angular Momentum of the body i 
e
iM
 : External Moment out of the body i 
By considering these two equations we obtain usual, nonlinear differential equations 
in the second order which can be described generally as; 
( ) ( ) ( )tqqhtqqgqtqM kkkkkk ,,,,, ɺɺɺɺ =+⋅      (4-6) 
M
  : Mass Matris 
g   : Gravity Vector  
h

 : Vector of External Forces and Moments 
The two methods give the same results when generalized coordinates are used. 
4.1.6  An Example for Lagrange Equations 
As the next step, a general derivation of the Lagrange Equation will be performed 
and afterwards, an example will be given according to this. 
In holonomic systems, the connections can be indicated in an nondifferential format. 
Connections of skleronome systems are time-independent [9]. For holonomic and 
skleronome systems second order Lagrange Equations are used: 
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Here,  
i
i i
d T T Q
dt q q
 ∂ ∂
− = ∂ ∂ ɺ
 for ni ⋯1=        (4-7) 
 
( )tqi   : Generalized coordinates 
n   : Kinematic degree of freedom of the system 
( ), ,i iT q q tɺ  : Kinetic energy 
( )tqqQ iii ,,ɺ  : Generalized forces 
The generalized coordinates and forces can be summarized as q and Q as below. 



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



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
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⋮
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
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
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


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⋮
 
The generalized forces Qi can be calculated from the virtual work of the imposed 
force δA (e): 
( )
ii
e qQA δδ ⋅=         (4-8) 
Here the δqi is the virtual coordinate. In conservative systems potential and kinetic 
energy are constant; this means that the equation below is essential: 
0T V+ =ɺ ɺ          (4-9) 
Qi is potential force and the potential Energy V (q,t) can be derived as ; 
i
i
VQ
q
∂
=
∂
         (4-10) 
The Lagrange equations take this form; 
0
i i i
d T T V
dt q q q
 ∂ ∂ ∂
− + = ∂ ∂ ∂ ɺ
for ni ⋯1=      (4-11) 
With the Lagrange –Function L T V= − , the equation below can be obtained; 
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0=
∂
∂
−





∂
∂
ii q
L
q
L
dt
d
ɺ
 for ni ⋯1=        (4-12) 
 
In unconservative systems, the following form is mostly used: 
i
i i i
d T T V Q
dt q q q
∗
 ∂ ∂ ∂
− + = ∂ ∂ ∂ ɺ
, ni ⋯1=      (4-13) 
with 
i i
i
VQ Q
q
∗ ∂
= +
∂
        (4-14) 
An example as in Figure 4.4 should be given to clarify the Lagrange equations. In 
this example, a pendulum of mass m and length l, which is attached to a support with 
mass M which can move along a line in the x-direction, is considered. X is denoted 
as the coordinate along the line of the support, and θ is denoted as the angle from the 
vertical position of the pendulum. 
 
Figure 4.4 :  Pendulum on a moveable support [13] 
The kinetic energy can then be shown as: 
2 2 21 1( ) cos cos
2 2
T M m x mxl ml mglθ θ θ θ= + + + +ɺ ɺɺ ɺ    (4-15) 
2 2 21 1 [( cos ) ( sin ) ]
2 2
T Mx m x l lθ θ θ θ= + + +ɺ ɺɺ ɺ
    (4-16) 
and the potential energy of the system is; 
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cosV mgl θ= −
       (4-17) 
The Lagrangian is therefore; 
2 2 21 1 [( cos ) ( sin ) ] cos
2 2
L T V Mx m x l l mglθ θ θ θ θ= − = + + + +ɺ ɺɺ ɺ   (4-18) 
Now carrying out the differentiations gives for the support coordinate x; 
[( ) cos ] 0d M m x ml
dt
θ θ+ + =ɺɺ        (4-19) 
Therefore; 
2( ) cos sin 0M m x ml mlθ θ θ θ+ + − =ɺɺ ɺɺɺ      (4-20) 
Indicating the presence of a constant of motion, the other variable yields; 
2[ ( cos )] ( ) sin 0d m xl l m xl gl
dt
θ θ θ θ+ + + =ɺ ɺɺ ɺ     (4-21) 
Therefore; 
cos sin 0x gl
l
θ θ θ+ + =ɺɺɺɺ        (4-22) 
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5 MATLAB SIMMECHANICS SOFTWARE TOOL AND 
INTRODUCTION OF THE BLOCKS USED IN THE CATENARY 
MODEL 
Simulating the dynamics of multi-body systems is a common problem in engineering 
and science. Various problems are available for those tasks which are either 
symbolical computation programs to derive and solve the dynamical equations of 
motion, or numerical programs which compute the dynamics on the basis of 3D-
CAD model or by means of abstract representation, e.g. a block diagram [6]. 
An additional package for the Matlab environment is the graphical multi-domain 
Simulink with toolboxes likewise Stateflow, SimMechanic, SimPowerSystems, 
SimDriveline, Real-Time-Workshop and so on. 
SimMechanics which provides the simulation of dynamic systems is based on 
physical modeling. In physical modeling, blocks represent physical components, 
geometric and kinematic relationships directly. This is an advantage to save time to 
derive the equations of motion. In the background of the program, linear or nonlinear 
time-dependent differential equations are solved. Basically, the motion of bodies is 
described by its kinematics behavior. The dynamic behavior results due to the 
equilibrium of applied forces and the rate of change in the momentum. 
SimMechanics block set consists of block libraries for bodies, joints, sensors and 
actuators, constraints and drivers, and force elements. In this part, the most important 
SimMechanics blocks used in the catenary model will be described briefly. 
5.1 Machines, Bodies and Grounds Library  
A simulation model without a machine environment, ground and body block is not 
meaningful.  
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5.1.1  Machine Environment 
In order to validate a SimMechanics model, one Ground per machine, simple or 
composite, must be connected to a Machine Environment block .The gravity value 
should be entered as a three-component vector. 
5.1.2  Ground  
All of the SimMechanics models must have at least one Ground block so that the 
system will be fixed to a definite point. The position of the ground point translated 
from the origin of the World CS is entered as a translation vector , with components 
projected on to the fixed World CS axes. 
5.1.3 Body 
For a body block, coordinate orientation and coordinate system should be chosen 
using the body's Body CSs. A rigid body is defined in space by the position of its CG 
(center of gravity) and its orientation in some CS [8]. Each connection of a Joint, 
Constraint/Drive, Actuator, or Sensor block to a Body requires an anchor point on 
the Body. This anchor point is one of the Body CS origins. The port number of the 
body block can be increased if necessary. Accordingly, the center of gravity, the 
weight and inertia moment of the body should be defined. 
5.2 Joints 
Joint blocks that have no mass or inertia values take place between two body blocks. 
There are different kinds of joints which represent one or more mechanical degrees 
of freedom between two bodies. The joint blocks used in the catenary model are 
bushing, prismatic, revolute, gimbal and bearing joint block. The Bushing joint block 
is a composite joint with three translational and three rotational degrees of freedom 
(DoFs). Prismatic joints represent one translational degree of freedom. The Revolute 
block stands for a single rotational (DoF) about a specified axis between two bodies. 
Gimbal joint is proper to model a composite joint with three rotational DoFs. The 
Bearing block represents a composite joint with one translational DOF and three 
rotational DoFs. The number of ports should be increased in order to attach a joint 
sensor. 
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5.3 Force Elements  
Body Spring & Damper block and Joint Spring & Damper are used to represent 
internal forces and torques acting between bodies. Body Spring & Damper is proper 
to give spring-damper effect between two bodies. Joint Spring & Damper which is 
directly connected to a joint port implements also spring-damper forces or torques 
together. In order to validate a damped linear oscillator force acting along bodies or 
joints, the spring and damper constant value of the joints should be given as input 
values by the user. 
5.4 Actuators and Sensors Library  
We can briefly say that, actuator blocks transform input signals in motions, forces or 
torques and sensor blocks do the opposite, and they transform mechanical variables 
into signals. It is possible to measure the displacements and forces in the systems by 
using the Actuator and Sensor elements. 
Body Actuator is attached to a body block to apply force or torque to it. This block 
actuates a body block after it gets a generalized force signal from a Simulink block. 
Joint actuator is attached to a joint to apply force, torque, or motion to joint 
primitive. This block actuates a joint block between two bodies after it gets a 
generalized force or motion signal from a Simulink block. This signal can also be a 
feedback from a Sensor block. The import of the Joint Actuator is the Simulink input 
signal and the output is the connector port which is attached to the Joint block in 
order to actuate the body’s CS origin. Besides these standard actuators, there is also a 
block with advanced functionality called as Joint Initial Condition Actuator. This 
block supplies initial positions and velocities to joint blocks before the simulation 
starts. 
The Body Sensor block is connected to a Body coordinate system (CS) on the Body 
to sense its motion. The Joint Sensor block measures the position, velocity, and 
acceleration of a joint primitive in a Joint block. 
5.5 Some Simulink blocks which are used in the model 
The Demux block separates a vector input signal into output lines, each of which can 
carry a scalar or vector signal. Simulink determines the number and widths of the 
output signals by the Number of outputs parameter [8]. 
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Demux is a block from Signal Routing which separates a vector input signal into 
output lines, each of which can carry a scalar or vector signal. The Mux Joint Block 
sums its inputs into a single vector output. An input can be a scalar or vector signal. 
The Constant Block and Gain Block belong to Sources Library. The Constant block 
generates a real or complex constant value. This value can be a scalar, a matris or a 
vector. 
The Gain block multiplies the input by a constant value .The input and the gain can 
each be a scalar, vector, or matrix. 
Bias Block and Min Max Block are from the Math Operations Library. 
The Bias Block adds a value defined by the user to the input signal value to obtain a 
Y value. (Y=U+Bias) The Min Max block outputs either the minimum or the 
maximum element or elements of the inputs. It is possible to choose the function by 
selecting one of the choices from the Function parameter list. 
Sinks Library provides the results of the simulations either using a scope or loading 
the results to the workspace or directly loading the datas to a file. The Scope block 
which is an element of this library displays its inputs respect to simulation time. The 
Scope block can have more than one axes (one per port) depending on the time. The 
Scope allows adjusting the amount of time and the range of input values displayed. It 
is also possible to move and resize the Scope window and to modify the Scope's 
parameter values during the simulation. After the simulation, the scope block 
displays the graphs. To File Block is another important element of Sinks Library 
which can save the results of the simulations in a mat file and in order to get the 
results this file should be loaded to the workspace at first. With the help of this file, 
the graph can be plotted. 
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6 THE CATENARY MODEL 
The purpose of the simulations with Matlab Sim Mechanics is to model the catenary 
wire as exact as possible. The more bodies and details are used in the model, the 
longer the simulation lasts. Due to this fact, the model exactness and the simulation 
time should compromise with each other. 
 
Figure 6.1 :  Screenshot of a simple model 
On the basis of a simple multi-body test model, the computation time will be tested. 
This multi-body system is constructed from a body, which is attached to a ground 
over a revolute joint, a feder-damper block and a sensor which is attached to this 
joint. The datas from the sensors can be obtained as a graph by the help of scopes 
and the result values are also saved in the workspace. The environment block which 
gives the ground effect to the system is connected to the ground block. The model is 
controlled by a m-file, which contains the variable parameters. Accordingly, the 
simulation time is reasonable. 
The number of the bodies used in the simulation model should be reduced for a short 
computation time. The reduction of the bodies can be accomplished in different 
methods. The catenary wire and contact wire are attached to each other by the 
droppers. Each dropper contains two bodies connected to a joint which has a spring 
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and damping constant. Instead of using two bodies, only one body can also be used 
in the model in order to optimize the computation time.  
The basic purpose of these simulations is to observe the movement of the catenary 
system and especially the behaviour of the contact wire under the effect of the 
tension-force applied by the tension unit on the right side. The second and the main 
purpose of these simulations are to observe the movement of the catenary system 
when the contact wire is cut. The simulations up to now showed that in the case of a 
contact wire fracture, the contact wire and the droppers also move in the direction of 
the tension unit but the movements of the catenary is low compared with those of the 
other components. 
Thus, it is possible to ignore the catenary wire in a large catenary system model so 
that the computation time can be lowered. By a combination of these two 
opportunities, a simulation with a minimum number of necessary bodies can be 
accomplished. 
When the tension force is applied to the catenary system, the springs between the 
body blocks of the contact wire are deflected. Thus, the contact wire length extends 
by the sum of the spring deflections and therefore, the last length value is no more 
equal to the initial length. Each contact wire body has an initial displacement value 
of 2,3 mm. This spring offset effect is regarded in the system as ‘x initial’ during the 
simulations. 
The other detail which is neglected during the simulation and the experiment is the 
zigzag behaviour of the catenary system and the catenary system is illustrated as a 
longitudinal wire  
6.1  The Description of The Parameters used in the Catenary System Model 
The parameters which are used in the simulation model will be briefly summarized in 
this section. 
6.1.1 The Spring and Damper Stiffness of The Catenary System 
The datas about a contact wire, carrier and a dropper used in Re 200 trains, are given 
in Table 6.1 regarding the standards like DIN 43140, DIN 48201 and DIN 48203. 
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Table 6.1 :  Values that are used for the overhead contact line system in Re 200 [1] 
 Contact wire (Ri200) Dropper(BzII 10) Carrier(BzII 70) 
E-Module 124 kN/mm² 113 kN/mm² 105 kN/mm² 
A (Cross-section)  100 mm² 10 mm² 70 mm² 
 
The values that are used in the experiments are different than the standards and these 
datas will be used in the formulas below to calculate the spring and damping constant 
of the wires and these values can be obtained from the ‘.m’ file in the appendix. For 
instance, the Young’s Modulus of the contact wire is assumed as 100.000N/mm2. 
In order to determine the spring stiffness, Hook’s law is validated for the contact 
wire which is used in the catenary system. 
εσ ⋅= E        (6.1) 
 
In the formula, the stress σ  and the strain ε  will be determined as in the following 
formula; 
A
F
=σ ;
0l
l∆
=ε        (6.2) 
 
The tension force F acting on the contact wire and the tension rope is ; 
F l k= ∆ ⋅        (6.3) 
 
The spring stiffness is,  
i
i
E Ak
l
⋅
=        (6.4) 
 
The length li is related with the length of the droppers, contact wire or catenary wire. 
The damper constant ‘b’ is related with the value of spring stiffness. 
1000
=
ibi
k
       (6.5) 
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6.2 Simplifiying The Overhead Contact Line Model  
The real catenary system has been observed in chapter 2 but in order to simplify the 
model and to decrease the computation time, the details will be ignored in the 
simulation model. Physical modelling blocks representing the kinematic and 
geometric relations will be used to model the catenary MBS system [4]. In addition, 
each block parameter can be controlled by m-files. In ‘m file’ of the catenary 
simulation, parameters which are necessary for the dynamic characteristics 
calculation of the catenary system are determined before running the simulations. For 
instance, the ‘m file’ in this study consists length, mass, spring and damping constant 
values of each employed wire  
6.2.1 Building Tension Unit MBS Model  
The overhead wires belonging to the train energy system are tensioned. This tension 
is provided by the tension unit. This system balances the length of the contact wire 
according to high or low temperature and it maintains the tension of a contact wire or 
a catenary wire at a constant level. In real systems, the tensile forces on contact and 
catenary wires of overhead contact lines are usually in the range of 10 to 15 kN for 
Re 330 train [1]. 
Normally, the wheel tensioners consist of a tensioning wheel with two rope drums on 
a common axle and the gear ratios between 2:1 and 5:1 are employed for installations 
at various railways. But, in the simulation, the gear ratio of the tension mechanism is 
assumed as 1 in order to simplify the catenary model and to lower the computation 
time.  
The latch-in device which is employed to lock after a wire cut in order to prevent the 
tension weight from falling down and the distortion of the contact wire as well as the 
breakage of the droppers are also neglected in the simulation model. 
The tension unit could be built as a substituted mechanical system, implementing a 
gear ratio between 2:1 and 5:1 to the Simulink function blocks. In this method, the 
computation time will be more than accepted. 
In the simulation model which is appropriate for the experiment, the tension unit is 
divided into two different parts. One part transmits the movement of the tension 
weight by the information taken from the horizontal movement of the last contact 
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wire body and in this way the tension weight can move up and down. In the other 
part of the tension unit model, the tension force is provided by the tension weight. 
The tension unit has a variety of block elements. The whole contact wire system is 
attached to a body sensor and a body actuator. The body sensor senses the position of 
the contact wire body. 
The tension weight and the tension rope is connected to each other with joints and in 
order to provide the elasticity and damping effect of a rope, the tension rope is 
divided into two parts and between these parts a body spring&damper is placed as 
seen in Figure 6.2. 
In the earlier catenary simulations, peaks in force and displacement graphs have 
occurred at 0.25 second. As seen in figure and at this moment, the total displacement 
value of the contact wire is 0.15 m. In order to get over this peak value, two switch 
blocks are added to the catenary model. The first switch changes the force value ‘F’ 
to zero when the total displacement value of the contact wire reaches to 0.15 m. In 
addition, the second switch transmits the zero force value to the last body of the 
contact wire as seen in Figure 6.2. 
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Figure 6.2 :  The model of the tension unit 
6.2.2 Building The Catenary Wire MBS Model  
The catenary wire is divided into 14 sub-systems. Each sub-system has a body which 
is attached to a bushing joint with a spring-damper element. The spring and damper 
constant is calculated in a ‘.mat’ file with the formulas in chapter 6.1 substituting the 
value of 100.000 N/mm2 as the Young’s Module and the cross-section area of 1.5 
mm2. Each catenary wire body is 1 meter and six of them are connected to the 
droppers. The catenary wire is connected with the ground on the right side by a 
bushing block with a joint and spring element. On the left side, it is connected to the 
ground directly. 
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6.2.3  Building The Dropper MBS Model 
The task of the dropper is to connect the contact wire and the catenary wire 
elastically. In order to achieve this, a minimum dropper length is needed. Droppers 
that are shorter than 0.5 m behave inflexibly especially at high speeds. 
The minimum lengths of flexible droppers lHmin are dependent upon running speed. 
At DB(German Railways) the lengths are: 
 
V 120km / h≤     lHmin=300 mm; (6.6) 
 
120 km/h<V 250km / h≤     lHmin=500 mm; (6.7) 
 
V 250km / h≥     lHmin=600 mm;  (6.8) 
Thus, the selection of the minimum dropper length is important in means of dynamic 
behavior. Shorter droppers increase the probability of dropper failures, especially at 
higher speeds and larger contact wire lift [1]. This study doesn’t concern the 
behavior of the droppers. Thus, reasonable dropper length is selected as 0,3m and 6 
droppers are employed for the catenary system. 
The dropper MBS model is composed of a body which is attached to the catenary 
wire and on the other side to the contact wire with bushing joint elements. Each joint 
element has a connection with a joint spring&damper element which includes the 
spring and damper constants of the droppers. 
6.2.4 Building The Contact Wire MBS Model  
The contact wire is also divided into 14 sub-systems and it is modeled like the 
catenary wire. Joint sensor elements can be connected with the bushing elements in 
order to compute the tension force on each body. The last subsystem of the contact 
wire is different than the others. In this body, instead of the bushing blocks, bearing 
joint element which represents composite joint with one translational and three 
rotational DoFs is used. The aim of this improvement is to prevent the movement of 
this body in vertical direction when the tension force is applied. Otherwise, in the 
simulations the catenary wire goes under the contact wire. Thus, the tension force 
will not cause the contact wire system to move upwards and will not disturb the 
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catenary system. The joints used within contact wire bodies also include the spring 
offset value of ‘xo’ because the catenary system is pretensioned at the beginning of 
the simulations. On the other side, as the catenary wire is not tensioned, the joints do 
not have ‘xo’ value. 
6.3 Running The Catenary MBS Model Simulations 
Before each simulation, the ‘.m file’ belonging to the model that includes all the 
parameters about the model, is run. Then, from the configuration parameters menu, 
the final state option is selected and. the configuration parameters are set as ´xfinal’ 
file from the first simulation, will be loaded as xinitial from the workspace before the 
program runs. In this way, it is possible to import the results of the simulations from 
the ‘.mat’ files. 
Then, the simulation is run for 5 seconds. During this first simulation, every body 
component takes its position under the effect of the tension force. The values 
regarding to each body are kept as ‘xfinal’ file and it is automatically loaded to the 
workspace. In the next simulation, in order to give a fracture effect to the contact-
wire, the spring and damper constant of the joint spring&damper are disregarded. 
Thus, the first bushing joint element on the left side which is directly attached to the 
ground is now out of order and the contact wire is illustrated as if it is cut from one 
side. The configuration parameters are set as ´xfinal’ file from the first simulation 
will be loaded as xinitial from the workspace before the program runs. Then, it is 
possible to import the results of the simulations from the ‘.mat’ files. 
6.4 Simulation Results of the Catenary MBS Model 
After the simulation is accomplished, the required values that are to be demonstrated 
should be imported from the ‘.dat file’ to the workspace one by one and then the 
graphs regarding to these variables can be plotted by using plot commands in editor 
file during programming. Finally, the graphs are obtained in Matlab. 
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6.4.1 Simulation Results of the Catenary MBS Model before the Contact Wire 
Cut 
A MBS (multi-body system) model of a catenary system is presented in this chapter. 
In the simulation model, a catenary system with a catenary wire, a contact wire and 
droppers are considered. The span length is assumed as 14m. Each wire is composed 
of elements of 1m length. 
In the MBS catenary model, the contact wire composed of 14 body blocks exists 
below the model and 6 droppers take place over the contact wire supported by a 
catenary wire above. On the right side, the tension unit is situated and on the left 
side, the contact wire is fixed using the ground block element. After running the 
simulations for 5 seconds, each body block takes its proper position in the catenary 
system model which is illustrated as seen below in Figure 6.3. 
 
Figure 6.3 :  The Catenary MBS Model before the wire-cut (sim. time=5 seconds) 
The tension force should be equal to the tension weight which is equal to 137, 4 N. 
Consequently, Figure 6.4 shows this value in average and this value stays constant as 
the tension force is applied to the system during the simulation. In Figure 6.4 and 6.5, 
the force and displacement alters in a small range. This is due to the oscillation 
behaviour of the tension weight. As the time increases, the oscillation slows down 
and reaches to the value of 137,4 N. 
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Figure 6.4 :  The tension force in the tension unit 
 
Figure 6.5 :  The displacement on the tension weight  
As the tension force is applied to the catenary MBS model, each contact wire block 
will be deflected. The deflection of the contact wire body block which is nearer to 
the tension mechanism is at the highest level at first. The reason for this situation is 
that, the 14th body block of the contact-wire becomes disturbed by the tension force 
at first and then, this push on the second body will displace the second body from its 
equilibrium position. This process continues with each individual body acting to 
displace the adjacent body. Subsequently, the disturbance travels through the system. 
The system can be pictured as a series of bodies connected with springs. As one body 
moves, the spring moves and provocates the other body next to it. As the time 
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increases, the amplitude of the deflections decreases because the oscillating 
vibrations slow down. 
In the test stand, strain-gages are assembled on the contact wire body 2, 9 and 11 to 
achieve the measurement of the tension force. Therefore, the tension force on these 
contact wire bodies has also been computed in the simulations. The eleventh contact 
wire body is the closest one to the tension unit. At first, the computed value is equal 
to the tension force in the tension unit as supposed and then because of the 
oscillations of the contact wire, the tension force increases. As the contact-wire 
strains, it decreases up to 136 N. The tension force amplitude computed on the 
contact wire 11 and 9 is more than the contact wire 2 as seen in Figure 6.6. 
 
Figure 6.6 :  The tension force on the contact wire 
6.4.2 Simulation Results of the Catenary MBS Model After the Contact Wire 
Cut 
It is a possibility that a fatigue fracture occurs on the contact wire because of the 
running strips of the pantograph on the contact-wire. The other reason for the fatigue 
of the contact wire is the variations in the temperature. As the catenaries sag with 
heat and hog with the cold the tension force should be in a constant level [6]. In this 
case, with a purpose of avoiding the disturbance of the catenary system, some 
measures should be taken. The first solution is to balance the tension force on the 
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contact wire which is achieved by the latch device and the other one is the assembly 
of a force breaker into the catenary system. It prevents the damage of the whole 
catenary system. When a fracture is about to occur on the contact wire, the force 
effecting to the contact wire starts to decrease. As soon as a lower peak value is 
observed on the tension force value, the force breaker should be put in process, to 
separate the tension unit from the contact wire. In this regard, the simulations are 
accomplished in order to observe the tension force alteration on the contact wire 
during the contact wire fracture. 
The simulation of the contact wire cut is achieved by ignoring the spring&damper 
constant values of the bushing block which connects and fixes the contact wire to the 
ground on the left side. After loading the ‘xfinal’ file and running the simulation for 
0.5 second, the tension force demonstrated in Figure 6.4 disturbs the system as seen 
in Figure 6.7. 
 
Figure 6.7 :  The catenary model after the contact wire cut (Sim.Time=0.5 sec) 
The tension force is equal to zero at the 0.19th second as in Figure 6.9 and at this 
moment, the displacement of the tension weight and accordingly the contact wire is 
0.15 m as in Figure 6.8. So, after this moment, the tension force does not apply to the 
system. This effect has been achieved by adding two switch blocks and a trigger 
system to the MBS model. 
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Figure 6.8 :  The displacement of the tension weight 
 
 
Figure 6.9 :  The tension force in the tension unit 
The tension force on the contact wire is computed at the point of the strain-gages in 
order to observe the contact wire cut effect. The distribution of the tension force in 
Figure 6.10 is similar to the tension unit diagram as expected. In the end, the tension 
force becomes supposingly zero. 
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Figure 6.10 :  The tension force on the contact wire after wire cut 
In Figure 6.10 , the tension force distribution on the contact wire body 2, 9 and 11 is 
illustrated. 
As the second body is the furthest component to the tension unit, the computed 
tension force value is lower than the other bodies. The generated force curve on each 
contact wire body is in harmony with each other. 
 
 
Figure 6.11 :  A closer look to the tension force in the tension unit 
 
  
 
47 
6.5 Simulation Results of the Catenary MBS Model 
In this chapter, the simulation results of the catenary MBS model are presented in 
two different parts. The first part consists of the simulations that are run for 5 
seconds. This time interval is appropriate for the bodies to take their final position. 
Then, the model is run for 0.5 seconds loading these final values and disconnecting 
the left side of the catenary wire from the ground. In this case, the contact wire 
moves right towards the direction of the tension force and the droppers move like an 
oscillating mass. Under the effect of the tension force and also the weight of the 
contact wire and droppers, the contact wire demonstrates a vertical sag. Up to this 
point, the dynamic behaviour of the catenary system is as expected but on the first 
contact wire body, no rotation movement is observed, even though it is released from 
one side and on the other side, it has a bushing block. 
The computed values in the simulations are as expected. The optimization of the 
model adding the switch and trigger blocks provides more reasonable results. As a 
result, the contact wire cut behaviour in catenary systems can be achieved by this 
MBS model. 
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7 THE CONTACT WIRE CUT EXPERIMENTS  
The size of the test bench should be in a reasonable size so that it can easily be 
carried and the cost of the test components should be low. The tension force is 
measured with strain gauges and the position of the weight will be measured with the 
displacement transducer. The results of the experiment are analyzed with the help of 
the computer program Diadem from National Instruments. 
7.1  Similarity Mechanics 
A goal of the similarity mechanics is to represent the substantial characteristics of the 
reality in the model [1,16]. This covers both geometrical and kinematic properties. 
The catenary system is composed of different types of wires with fixed hanging 
points. In order to build the test stand, similarity mechanics method should be 
achieved. This method concerns the comparison between the real catenary system in 
the railways and the catenary system in the test stand. A copper wire with a cross-
section of 1,5 mm² is employed as the contact wire in the experiments. The original 
wire is a grooved wire with a cross-section of 100 mm². In order to make a 
comparison with the model, at first a circular surface will be handled. For a circular 
area: 
2
rA ⋅= pi         (7-1) 
The relationship of the radius corresponds to the relationship of the lengths of the 
model (M) and the prototype (H): 
M
2M M
HH H
A
r A 1,5
mm 0,122Ar A 100
pi
= = = ≈
pi
V
H
M
H
M l
r
r
l
l
==    (7-2) 
1.1.1 7.1.1 Scale Factor for the Weight 
For the same weight load [3] : 
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The relationship between the volumes is: 
3
v
H
M l
V
V
=        (7-4) 
 
The density of both wires is the same because they are made of the same materials.  
HM ρρ =        (7-5) 
 
Both systems are exposed to acceleration of gravity, ggg HM ==  (7-6) 
3
1 vv lF =        (7-7) 
7.2 The Description of the Test  Bench about the contact wire-cut 
The experiments related with the contact wire cut are accomplished in the laboratory 
of Ruhr University, Bochum. 
In this chapter, every component of the test bench will be described in detail. The 
horizontal length of the test bench is calculated due to the similarity mechanics. The 
length of the test bench is 14m as seen in Figure 7.1. 
 
 
Figure 7.1 :  The sketch of the test stand 
  
 
51 
7.2.1 The Cantilever Arm  
The cantilever arm is replaced with a tripod and the catenary wire is attached to the 
tripod with a rope as seen in Figure 7.2. 
 
Figure 7.2 :  The cantilever arm 
7.2.2 The Catenary Wire 
The catenary wire is supposed to carry the droppers and the contact-wire properly. 
The catenary wire is made of a nylon material just like the tension rope. It has a 
lower spring stiffness constant than the contact wire and higher damping constant 
than the contact wire values.(k.cat=k.cw/20) Each end of the catenary wire should be 
properly tied to the tripod.  
 
7.2.3 The Contact Wire 
For the experiment, a copper wire with a 1,5 mm² cross section is tensioned as in 
Figure 7.3. The copper wire is normally used in the electrical systems like electrical 
lines. It has a round cross section contrary to the grooved cross section of the contact 
wire, which does not affect however, the force values of the later measurements by 
the selected measuring method.  
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The tension force has different values when a contact wire with a whole cross-section 
is used instead of a grooved cross-section. It has tension peaks at the edges. In the 
test bench, the tension of the contact wire is not measured directly on the contact 
wire. The contact wire is separated at the measuring points and a sheet metal is 
inserted for the measurements, on which strain-gages are assembled. The spring 
constant of the contact wire is k.cw= (1.5mm2*100000N/mm2)/l.cw. 
 
 
Figure 7.3 :  The catenary and the contact wire 
7.2.4 Droppers 
As the droppers are used to balance the elasticity along the length of a span, droppers 
are replaced with the cotton ropes in the test stand as seen in Figure 7.4. The cotton 
ropes are selected because of their low weight. They are used for holding the contact 
wire weight. Six droppers are knotted over the contact wire and the catenary wire. 
The reason why cotton material is selected for the droppers is that the droppers 
should be made of a material with a very low weight.  
The droppers have to carry the weight of the contact wire as a main function. A 
rotation around the point of the tying point on the contact wire and on the catenary 
wire should be ensured. The length of the droppers is chosen as 0,3 m and this value 
should be easy to vary. The attachment of the contact wire to the droppers should 
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ensure the movement of the droppers during a horizontal deflection of the contact 
wire.  
 
 
Figure 7.4 :  The Droppers 
7.2.5 Tension Unit  
The contact wire is attached to the tension rope which has the same material as the 
catenary wire and the tension wire is settled over a cylinder rod as in Figure7.5. In 
reality, the tension unit has a gear ratio of 3:1 but in the experiment this ratio is 
considered as 1:1 to make a simplification. On one side of the contact wire, three 
tripods are used to carry the catenary system and they support each other. A metal 
block weight which is tied up to the tension rope over the tripod is used as a tension 
weight. The mass of the tension weight is selected according to the similarity 
mechanics. In working conditions, the contact wire employed in Re200 has a cross-
section of 100mm2 and it is tensioned with a tensile force of 10 kN. In order to obtain 
the tensile stress effect in the real catenary system, the same tensile stress should be 
provided. After accomplishing the following equations, a mass of 13,882 kg is 
selected for the tension unit. 
The tensile force and cross-section values of the contact wire in the real catenary are: 
realF 10kN=  and 
2
realA 100mm=        (7.8) 
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The cross-section value of the contact wire in the test stand is: 
2
testA 1,5mm=        (7.9) 
 
The tensile stress on the real catenary system and the test stand are equalized: 
real testσ = σ        (7.10) 
 
The tensile stress on the real catenary system is calculated as: 
real
real 2 2
real
F 10000N N100
A 100mm mm
σ = = =       (7.11) 
The tensile stress on the real catenary system and the test stand are equalized: 
real testσ = σ        (7.12) 
The tensile force on the real catenary system is: 
2
test 2
NF 100 x1,5mm 15N
mm
= =        (7.13) 
The mass of the tension weight employed in the test stand is calculated as: 
test
test
2
F 15N
m 15,3kg
mg 9.81
s
= = =        (7.14) 
After accomplishing the equations above, an approximate value of 13,882 kg is 
selected for the tension unit.  
The tension weight falls down when the other side of the contact wire is released 
from the separation unit in order to accomplish the cut effect. 
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Figure 7.5 :  The Tension Unit 
7.2.6 Separation unit  
The separation unit as demonstrated in Figure 7.6 and 7.7 is a hydraulic remote 
cylinder and it is based on a metal base structure. The hydraulic remote cylinder is 
placed between the I-beams which are adjustable in horizontal direction. It is fixed 
with one ‘jaw’ to the metal frame and one end of the contact wire is clamped 
between the metal plate and the I-beam section of the carrier. The sheet metal is 
placed between the beam and the hydraulic remote cylinder in order to provide a 
smooth surface. In order to accomplish the experiments, the contact wire is attached 
to the tension unit at one end and on the other end it is clamped with the hydraulic 
remote cylinder. After some seconds, for the test of the contact-wire cut, the screw 
by the remote cylinder is released from the separation unit. 
For an accurate cut behaviour illustration of the overhead contact wire, the 
appropriate requirements should be determined for all substantial sub-systems of the 
test stand. The components of the catenary system, the tension unit and the 
separation unit are to be analyzed more closely. The overhead contact line system is 
composed of a catenary wire, a contact wire and droppers, which transmit the weight 
of the contact wire to the catenary. In the test stand, such as in the simulation, the 
contact wire and the droppers will be investigated in detail. Essentially, different 
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possibilities for the separation unit are to be determined, in order to illustrate the 
contact wire cut behavior as accurately as possible. The horizontal dimensions of the 
test stand are determined by the results of the similarity mechanics. 
In the experiments, there is no electric current over the contact wire unlike the 
working process. 
 
 
Figure 7.6 :  The Separation Unit 
 
Figure 7.7 :  A closer look to the Separation Unit  
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7.2.7 The Tension Measurement on the Contact Wire 
In the experiment, the tension force on the contact wire is measured. The 
characteristics of the tension force diagram about the contact wire cut is useful to 
determine the contact wire cut before it occurs and thus, it is possible to prevent the 
further damages on the catenary system. There are three strain-gages which are 
assembled to the catenary system as in Figure 7.8 in order to measure the tension 
force on the contact wire at some distance intervals. The contact wire is divided into 
three different parts for the assembly of the sheet metal which has the strain-gauge 
devices on. The sheet metal can be copper nickel or nickel–chrome alloy. When a 
tension force is applied to this sheet metal, the resistance of the strain-gage changes 
because it is elongated. The alteration of the resistance on the strain gage is measured 
by the strain-gages and these datas form the tension force values. A piezoelectric 
sensor which converts the alteration of pressure, acceleration, strain or force to an 
electrical signal can also be used to measure the tension forces on the contact wire. 
 
Figure 7.8 :  The position of the strain-gages 
7.3 The Results of the Scaled-down Test-Bench 
The strain gages are placed at three different parts of the contact wire as seen in 
Figure 7.9. 
Every strain gage data cable is attached to the different ports of the measuring 
amplifier. The strain gages should be calibrated before the beginning of the 
experiments. In order to accomplish this, no tension force is applied to the catenary 
system and then the values of the strain gages are checked if they indeed show zero 
value or not. If not, the measured tension force will not be correct. In the end, the 
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results of the scaled-down test-bench are analyzed with a measurement software 
called Diadem from National Instruments. 
 
Figure 7.9 :  The position of the strain gages 
The experiments are accomplished for six times to obtain accurate results and they 
are accomplished with two different weights. In the first experiments, a mass of 11 
kg, which generates approximate tension force of 108 N is used as seen in Figure 
7.10 and in the other experiments, a mass of 14 kg which generates approximate 
tension force of 137 N is used as illustrated in Figure 7.11. 
The tension force values on the contact wire and the displacement on the tension 
weight measured by the strain-gauges are illustrated in the Figures down below. The 
Figure 7.10 and 7.12 belong to the first experiment. In addition, the Figure 7.11 and 
7.13 are the results from the second experiment. 
 
Figure 7.10 :  The result of the first contact wire cut experiment 
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In the second experiment as shown in Figure 7.11, the tension mechanism doesn’t 
apply force to the catenary system for 50 seconds in order to calibrate the strain 
gauges without any external effect. In this region, the force value is expected to be 
equal to zero value. But as the contact wire bodies are swinging at a very small level, 
the measured force value alters between 0 and -2 N. This situation causes a deviation 
of 3%-4% in the measured tension force values compared to the real tension force on 
the tension unit, which is 137,4N for the first test version and 108N for the second. 
 
Figure 7.11 :  The result of the second contact-wire cut experiment 
Then, as the tension weight is set free at 80th second, the tension force starts to 
increase rapidly until it reaches to the value of the tension weight as in Figure 7.11. 
In this region, as the tension unit applies force, the tension weight goes down. In 
other words, the tension force on the contact wire is increasing at a small level. In 
this case, constant tension force is expected but there are some higher force peaks at 
this region due to the unwanted outward disturbances. Then, the contact-wire is 
released from the separation unit at 245th second in this second version of the wire 
cut experiments and the tension weight falls down rapidly. The alteration of the 
tension force is illustrated in Figure 7.13 more closely. 
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Figure 7.12 :  A detailed look to contact wire cut region of the first test 
The two versions of wire cut experiment are inspected closely in means of force 
distribution after the releasement of the contact wire from the tension unit. In this 
regard, Figure 7.12 and 7.13 are compared with each other. 
 
Figure 7.13 :  A detailed look to contact wire cut region of the second test 
As seen in these graphs, the decrement of the force occurs on the second body of the 
contact wire at first because it is closer to the separation unit. The explanation for 
CW 2 
CW 9 
CW 
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this situation is the behaviour of the contact wire in a longitudinal wave as in Figure 
7.14. After one side of the contact wire is released, the bodies transmit this effect 
from one to another like a wave. It takes time until this data and effect reaches to the 
body that is closer to the tension unit. 
 
Figure 7.14 :  The types of wave propagation. [10] 
All material substances are comprised of atoms, which may be forced into vibrational 
motion about their equilibrium positions. When a material is not stressed in tension 
or compression beyond its elastic limit, its individual particles perform elastic 
oscillations. When the particles of a medium are displaced from their equilibrium 
positions, internal (electrostatic) restoration forces arise. It is these elastic restoring 
forces between particles, combined with inertia of the particles, which leads to the 
oscillatory motions of the medium [10]. This behaviour is easy to observe in the 
experiment in the first 80 seconds until the tension force is applied. 
The other important point about the dynamic behaviour of the contact wire which is 
observed during the experiments, concerns with the speed of the sound. In this 
regard, Hooke's Law, when used along with Newton's Second Law, can explain a 
few things about the speed of sound. The speed of sound within a material is a 
function of the properties of the material and is independent of the amplitude of the 
sound wave. Newton's Second Law proves that the force applied to a body will be 
balanced by the body's mass and the acceleration of the body. Mathematically, 
Newton's Second Law is written as,  
F = ma       (7.15) 
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Hooke's Law indicates that this force will be balanced by a force in the opposite 
direction that is dependent on the amount of displacement and the spring constant. 
F = -kx       (7.16) 
Therefore, since the applied force and the restoring force are equal, 
ma = -kx       (7.17) 
can be written. The negative sign indicates that the force is in the opposite direction. 
Since the mass ‘m’ and the spring constant ‘k’ are constants for any given material, it 
is clear that the acceleration ‘a’ and the displacement ‘x’ are the only variables, 
which are directly proportional. For instance, if the displacement of the particle 
increases, so does its acceleration. It turns out that the time that it takes a particle to 
move and return to its equilibrium position is independent of the force applied. So, 
within a given material, sound always travels at the same speed no matter how much 
force is applied when other variables, such as temperature, are held constant.[10] 
7.4 Summary of the Experiment Results 
The experiments which are accomplished give a general idea about the dynamic 
characteristics of a contact wire in case of a wire cut. 
When Figure 7.12 is inspected in detail, it is observed that the effect of the contact 
wire cut is transmitted from contact wire body 2 to contact wire body 9 in 0.002 
seconds. This time range is also the same in Figure 7.11 although the tension force 
applied is different than in Figure 7.12. This can give us a clue about the speed of the 
sound which is related to the type of the material. Here, if the speed of copper 
material is calculated according to Figure 7.11, it is found as V=2333m/s. 
Actually, the speed of sound in copper is 3901m/s [12]. This value differs from the 
calculated value due to the experiments. This is due to the material used as a contact 
wire in the test stand. As this copper wire is normally used in the electrical systems 
like electrical lines, the purity of the material is not 100% and it is actually an alloy. 
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8 DISCUSSIONS AND CONCLUSIONS 
Dynamic behaviour of the catenary which supplies electrical energy to railway is 
investigated during a contact wire cut. A multi-body system model based on a model 
of the catenary which incorporates the rigidity of the contact wire and the catenary 
wire is developed. Simulations have been accomplished with a variety of ‘.m’ files 
until the assumed behaviour of the catenary is provided. 
8.1 Comparison of the Results between the simulation and the test bench  
In order to validate the datas measured with the strain gages on a scaled down test 
stand, two different versions of MBS simulation is run. In the first version of the 
simulations (simu1), a catenary system without a catenary wire is considered. In the 
second simulation (simu2), the whole catenary system with a catenary wire, contact 
wire and droppers are considered. In Figure 8.1, the results which are generated from 
the experiment and the two different simulation versions are presented. 
When the graph is inspected, it is realized that the force on the contact wire body 
component 11 which is near to the tension unit, decreases at first.  
The computed force varies from one contact wire body to another because it takes 
some time until the effect of the releasement of the contact wire reaches from the 
separation unit to other body. Here, of course, the speed of the sound and wave 
propagation play an important role. For instance, the time interval between ‘CW2’ 
and ‘CW9’ are approximately the same in the experiment and in the simulation 
results. This proves that the speed of the sound which is related to the type of the 
material has an effect in this. If a material with a higher speed of sound were used, 
the time needed for transmitting the force from one body to another would be 
quicker.  
In the experiment, the tension force stays constant for a longer period than the force 
in the simulations because in the experiment, as the releasement of the contact wire is 
done manually, it lasts more until the wire cut effect is achieved on the scaled test 
stand. On the other hand, the simulations are directly run without spring&damper 
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constant of the bushing element. Thus, from the very beginning of the simulation 
contact wire cut effect is given to the system and because of this, the tension force on 
the contact wire decreases rapidly in the simulations. 
 
Figure 7.15 :  The comparison of the experiment and simulation results 
The tension force on the contact wire bodies decrease to zero value as assumed after 
the wire cut.  
8.2 Optimization for the Model 
Two switch blocks and a trigger are added to the catenary MBS model in order to 
take into consideration that no force is applied to the system when the tension weight 
is on the floor. 
In the earlier simulations, the length of the droppers which support the contact wire 
has been chosen as 0,3 m but then this value is selected as 1 m to provide the 
flexiblity of the system.  
The big catenary system and the small catenary system without a catenary wire and 
droppers show similar force values. Thus, in order to decrease the computation time, 
a smaller MBS model of the catenary can also be used for the simulations. 
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9  FUTURE WORK  
9.1 Future Work 
Recent investigations have focused on the modelling and simulation of the 
pantograph and the catenary. In this study, only the dynamic characteristics of the 
catenary system are investigated in the case of a contact wire cut. In order to 
optimize the simulations and decrease the computation time, the catenary wire can be 
neglected because it has a lower spring&damper stiffness than the contact wire and 
the droppers. 
The tension unit should apply a constant force to the contact wire in order to balance 
the system. After a period, as the contact wire is worn down due to the contact with 
the pantograph strips and temperature variations, a fracture on the contact wire can 
occur later. In this situation, the tension force starts to decrease and when a minimum 
peak occurs on the force-time graph, the force-breaker releases and separates the 
tension unit and the contact wire from each other in order to prevent the probable 
further force peaks and the damage on the contact wire. As a result, a force-breaker 
which will be assembled to the contact line system to minimize the probable 
damages on the contact wire is necessary. 
It is also possible to improve the simulation model due to the experiment results. And 
to develop a software tool program which provides the selection of a force breaker 
after deciding the span length of the catenary system and the parameters about the 
tension unit. In the case of a wire-cut, according to these selected parameters and the 
required tension force on the contact wire and the specifications of the force-breaker 
will be calculated by this new software tool. 
As a result, due to the datas obtained from the simulation and the experiment, a 
configuration in MS Excel should be accomplished in order to get information about 
the contact wire cracks without having to simulate it over and over. It is also possible 
to improve the simulation model due to the experiment results. 
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The other improvement can be accomplished on the tension unit. In the experiments 
and in the simulations, the gear ratio on the tension unit is considered as 1:1. But, in 
reality the gear ratio is 3:1. As a future work, the test stand can be constructed due to 
this real gear ratio. 
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APPENDIX A.1 
%% THE CATENARY WIRE SYSTEM 
% CONTACT WIRE CUT 
%% Lenghts of the catenary components 
 
l.d=1; 
l.cw=1; 
l.cat=1; 
l.seil=1; 
roh=8000; 
 
 
%%Mass of the catenary components 
 
m.cw=l.cw*1.5e-6*roh; 
m.cat=(m.cw)/5; 
m.d=(m.cw)/5; 
 
%%Spring stiffness of the catenary components 
k.cw=(1.5*100000)/l.cw; 
k.d=k.cw/20; 
k.cat=k.cw/20; 
k.seil=k.cat; 
 
%%Damper stiffness of the catenary components 
b.cw=k.cw/100; 
b.d=k.d/100; 
b.cat=k.cat/100; 
b.seil=b.cat; 
 
%"Knickforce" on the modelled tension force 
 
A=5;  
m.seil=0.05; 
m.gewicht=14-m.seil; 
r0=m.gewicht*9.81/k.seil; 
alpha=atan((A)/(2*m.gewicht*9.81)); 
 
g=9.81; 
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F=(m.gewicht+m.seil)*g ; 
x0=-F/k.cw; 
 
%Plotting the results 
 
%"Computed force on the contact wires "  
plot(CW(1,:),CW(2,:),'k','LineWidth',2);hold on 
plot(CW(1,:),CW(3,:),'b','LineWidth',2) 
plot(CW(1,:),CW(4,:),'g','LineWidth',2) 
plot(CW(1,:),CW(6,:),'r','LineWidth',2) 
plot(CW(1,:),CW(5,:),'y','LineWidth',2) 
plot(CW(1,:),CW(7,:),'m','LineWidth',2) 
plot(CW(1,:),CW(8,:),'m--','LineWidth',2) 
plot(CW(1,:),CW(9,:),'k--','LineWidth',2) 
plot(CW(1,:),CW(10,:),'b-','LineWidth',2) 
plot(CW(1,:),CW(11,:),'g--','LineWidth',2) 
plot(CW(1,:),CW(12,:),'y--','LineWidth',2) 
plot(CW(1,:),CW(13,:),'r--','LineWidth',2)  
plot(CW(1,:),CW(14,:),'p','LineWidth',2) 
plot(CW(1,:),CW(15,:),'y-','LineWidth',2) 
h=legend('cwire1','cwire2','cwire3','cwire4','cwire5','cwire6','cwir
e7','cwi8','cwire9','cwire10','cwire11','cwire12','cwire13','cwire14
',-1); 
 
set(h,'Interpreter','none') 
title('test') 
xlabel('Time[s]') 
ylabel('Force[N]') 
hold on; 
 
%"Displacement of the droppers'' 
 
plot(droppersbt(1,:),droppersbt(2,:),'k','LineWidth',2);hold on 
plot(droppersbt(1,:),droppersbt(3,:),'b','LineWidth',2) 
plot(droppersbt(1,:),droppersbt(4,:),'g','LineWidth',2) 
plot(droppersbt(1,:),droppersbt(5,:),'y','LineWidth',2) 
plot(droppersbt(1,:),droppersbt(6,:),'r','LineWidth',2) 
plot(droppersbt(1,:),droppersbt(7,:),'m','LineWidth',2) 
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h=legend('dropper1','dropper2','dropper3','dropper4','dropper5','dro
pper6',1); 
set(h,'Interpreter','none') 
title('test') 
xlabel('Time [s]') 
ylabel('Force [N]') 
hold on; 
 
%"Sum of the Displacement of the contact wires'' 
plot(displacementCWsbt(:,1), displacementCWsbt(:,2));hold on 
hold on 
title('test') 
xlabel('Time [s]') 
ylabel('displacement [mm]') 
hold on; 
 
%"The Displacement and  the computed force in the tension unit'' 
plot(tensionunit(:,1),tensionunit(:,2));hold on 
hold on 
title('test') 
xlabel('Time [s]') 
ylabel('force [N]') 
ylabel('displacement[m]') 
 
plot(displacementtensionunit.time,displacementtensionunit.signals(1,
1).values; 
hold on 
plot(displacementtensionunit.time,displacementtensionunit.signals(1,
2).values; 
hold on 
hold on 
 
plot(TensionCW.time,-TensionCW.signals(1,1).values); 
hold on 
plot(displacementtensionunit.time,displacementtensionunit.signals(1,
2).values; 
hold on 
 
%PLOT 1 
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plot(sim.time,-sim.signals.values(:,2)); 
hold on 
plot(sim.time,-sim.signals.values(:,9)); 
hold on 
plot(sim.time,-sim.signals.values(:,11)); 
hold on 
plot(displacementtensionunit.time,displacementtensionunit.signals(1,
2).values; 
hold on 
 
sim(:,1)=TensionCW.time 
sim(:,2)=TensionCW.signals.values(:,2); 
sim(:,3)=TensionCW.signals.values(:,9); 
sim(:,4)=TensionCW.signals.values(:,11); 
plot(sim(:,1),sim(:,2:4)); 
hold on 
 
%PLOT 2 
plot(test(:,1),test(:,2:4)); 
hold on; 
plot(sim(:,1),sim(:,2:4),'--'); 
plot(sim2(:,1),sim2(:,2:4),'-.'); 
plot(sim3(:,1),sim3(:,2:4),'.'); 
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Figure A.1 : Screenshot of the catenary model 
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Figure A.2 : Screenshot of a catenary wire body 
 
Figure A.3 : Screenshot of a dropper body 
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Figure A.4 : Screenshot of a contact wire body 
 
 
  
 
78 
 
Figure A.5 : Screenshot of the tension unit 
  
 
79 
CURRICULUM VITAE 
Candidate’s full name:  Derya ÖZER 
Place and date of birth:  Đzmit/KOCAELĐ 
Permanent Address:  ĐTÜ. Makina Fakültesi, Makina Mühendisliği Bölümü, 
Đnönü Caddesi, No:85, Gümüşsuyu 34439 Đstanbul 
Universities attended:  Kocaeli Üniversitesi/Makine Mühendisliği, 2006 
 
